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A fully differentiated epithelium having the features of epi-
dermis was obtained in vitro by culturing second-passage 
normal human keratinocytes (NHK) in the chemically de-
fined medium MCDB 153 on inert filter substrates at the 
air-liquid interface for 14 d. Vertical sections stained for his-
tology and indirect immunofluorescence studies show a cor-
rect stratification and expression of differentiation markers. 
The presence of desmosomes, keratohyalin granules, and la-
mellar granules, and the formation of a more than ten-layers 
stratum corneum was evidenced by electron microscopy. 
Moreover, lipids typical for differentiated epidermis were 
present in these cultures, including ceramides, which are 
Successful cultures of human epidermal keratinocytes in a chemically defined medium were first reported by Peehl and Ham [1], Tsao et al [2J, and Boyce and Ham [3J. Then, e!'tensive studies concerning growth and differentiation of mass and clonal cultures of keratinocytes in the defined 
medium MCDB 153 were published by Boyce and Ham [4J , Wille 
et al [5], and Pittelkow et al [6J. Most importantly, using clonal 
cultures, Boyce and Ham [3] demonstrated that epidermal differen-
tiation can be induced by high concentrations of calcium. 
Since then, the medium composition was bonified by increasing 
the concentration of six amino acids [6,7J. It was shown that in 
absence of any undefined serum or tissue extract factor, adult normal 
human epidermal cells are able to proliferate on plastic surfaces up to 
rhe third passage [8,9J. Second-passage cells proliferating on plastic 
subsrrates in such a medium form evenly distributed colonies. 
Human keratinocytes grown in defined medium are presently com-
mercially available and used routinely for basic studies and cytotox-
icity tests [8-14]. In studies devoted to epidermal differentiation, it 
was shown that human keratinocytes grown in high-calcium-
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Abbreviations: 
DE-dennis: de-epidennized dermis 
EGF: epidermal growth factor 
MeG: membrane-coating granules 
MoAb: monoclonal antibodies 
NHK: normal human keratinocytes 
PBS: phosphate-buffered .saline 
TLC: thin-layer chromatography 
thought to be responsible for the relative impermeability of 
the stratum corneum. Under our culture conditions, i.e., in 
defined medium and at the air-liquid interface, the use of 
de-epidermized dermis as a substrate did not sti'mulate kera-
tinocyte differentiation more than acetate cellulose or poly-
carbonate filter membrane substrates. 
The obtaining of a well-differentiated epidermis grown in 
vitro on inert filters in a chemically defined medium should 
be useful as a standard system for studying epidermal differ-
entiation, re-epidermization, cytotoxicity, epidermal perme-
ation, and transepidermal drug delivery. ] Invest Dermatol 
95:409-414, 1990 
defined medium are able to stratify, to build up specific organelles 
such as lamellar bodies, and to express differentiation markers such 
as involucrin, membrane transglutaminase [15], or cholesterol sul-
fate [16J, but to a much lesser extent than epidermal cells in vivo 
[15] . This simple culture system was also used to produce multi-
layered sheets of cultured epidermis suitable for grafting burn pa-
tients [7J. Moreover, Boyce and Hansbrough [17J cultured epider-
mal cells on collagen matrices and the tissue obtained was grafted 
successfully on deep burn injuries. 
Whatever the advantages of tissue culture in a defined medium 
are, a culture system reproduciI,g the complete differentiation pat-
tern of human epidermis is required for investigations about the 
synthesis of proteins and lipids typical of human epidermal differ-
entiation, about molecular mechanisms underlying terminal differ-
entiation, as well as for permeation and trans epidermal drug-deliv-
ery tests. Raising epidermal cell cultures to the air-liquid interface 
was shown to induce the formation of multiple layers of cornified 
cells, but until now these culture systems comprised complex and 
undefined components, i.e., serum-containing media and dermal 
equivalents such as de-epidermized dermis [18, 19J, collagen lattices 
including fibroblasts [20,21 J, or collagen gels [22J. Moreover, such 
cultures were often performed using mouse or rat epidermal kerati-
nocytes [23 - 26 J. 
In the present paper we describe a tissue culture system consisting 
of a chemically defined medium and of inert filter substrates in 
which normal human keratinocytes are able to undergo terminal 
differentiation and to form an apparently normal epidermis . 
MATERIALS AND METHODS 
Cell Cultures Suspensions of normal human keratinocytes 
(NHK) were obtained by the 0.25% trypsin dermis/ epiderl11is sepa-
ration method [27J, using surgical skin samples from adult patients. 
Primary cultures were performed using the 3T3 feeder-layer tech-
nique described by Green and colleagues [28,29J . Before reaching 
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confluence, the keratinocytes were harvested and subcultured in the 
chemically defined medium MCDB 153 (KDM) (Clonetics, San 
Diego, CA) for 7 d. Second-passage NHK were resuspended in 
l?w-calcium (0 . 1~ roM) medium supplemented with 5 .ug/ml insu-
1m, 10 ng/ml epidermal growth factor (EGF) , and 5 X 10- 7 M 
hydrocortisone, and inoculated at a density of 5 X 105 cells/cm2 or 
106 cells/cm2 on de-epidermized dermis (kindly provided by M. 
Regnier, C.LR.D., France) using stainless steel rings delimiting 
. 1-cm2 surfaces as described (17], on acetate cellulose filters (0.67 
cm2 surface) (PIHA, Millipore, France) and on polycarbonate films 
(0.33 cm2 surface) (Nucell, Nucleopore, and Transwell, Costar, 
France). After 24-h incubation at 37 °C in a 100% humidity atmo-
sphere, the different substrates were mounted with fine forceps on 
the top of stainless steel grids; then high-calcium (1.15 roM)-
defined medium supplemented with factors as described above was 
deposited below the metal grids in order to feed the cells only from 
underneath while exposing the surface of the cultures to the atmo-
sphere. The cultures were then placed in a Heraeus Cytoperm 8080 
incubator at 37°C and 60% humidity for 14 d. Media were changed 
twice per week. 
Histology Cultures were fixed in 10% formalin and embedded 
in paraffin. Four-micrometer vertical sections were stained with 
hematoxylin-eosin. 
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Indirect Im.m.uno£luorescence Studies Cultures w~ 
plunged in OCT c~mpound (Tissue Tek, Miles Laboratories, Na-
perville, IL), immediately frozen in liquid nitrogen, and stored at 
-80°C until use. Four-micrometer vertical sections were dried, 
rinsed in PBS, and reacted for 30 min with antibodies. Bullous 
pemphigoid antiserum was kindly provided by Prof. J. P. Ortonne 
(H6pital Pasteur, Nice, France), rabbit anti-human involucrin pol ,-
clonal antibodies (Pab) and mouse anti-human filaggrin monoclo-
nal antibodies (Mab) were purchased from Biomedical Technolo-
gies Inc., (MA) anti-keratin (Kl, KI0, Kll) MoAb (K 8.60) 
provided by Biomakor (Israel), and anti-human membrane trans-
glutaminase MoAb (BCI) was generously provided by Dr. Thacher, 
Texas [30]. 
Equivalent sections were incubated with normal serum for con-
trol. Fluoresceine conjugates were purchased from Dako (Den-
mark) and Nordic (The Netherlands). 
Electron Microscopy Cultures were rinsed in PBS, fixed for 2 h 
at room temperature in 0.15 M sodiumcacodylate buffer containin~ 
5% saccharose and 2% glutaraldehyde at pH 7.4, and post-fixed in 
the same buffer containing 1 % OS04 tetroxyde osmium. Cultures 
were dehydrated through increasing concentrations of ethanol 
which were then substituted sequentially by Eponresin. They w~ 
then embedded in Epon. Sixty-nanometer ultrathin sections were 
Figure 1. Stained vertical paraffin sections of cultured normal human keratinocytes (second passage) grown for 14 d at the air-liquid interface. as described in 
Materials and Methods on Millipore HA acetate cellulose filter (A). Nucell Nucleopore polycarbonate filter (C) , and de-epidermized human dermis (B,D). 
Inoculum was 5 X lOS ceJls/cm2 in A and B. 10· ceJls/cmz in C and D. Independently of the substrates used. equivalent numbers of stratified ceJl laye.rs.. 
presence of numerous keratohyalin granules. and formation of dense cornified layers are shown. A much thicker stratum granulosum was formed when th 
inoculum was 10· cells/cmz (C,D) . 
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Figure 2. Distribution of keratins Kt, KIO, and KIt (A), filaggrin (B), 
m:mbr~e transglutaminase (C), and involucrin (D) in the reconstructed 
epldenms grown for 14 d on Millipore HA acetate cellulose filters, as de-
scribed in Materials al/d MetilOds. Note the suprabasal localization of the 
kerarins and the correct expression of filaggrin and involucrin in granular 
cell layers, but not in the cornified cells. Dotted /illes, the filter substrate 
surface. Bar, 20 flm. 
stained with uranylacetate-saturated methanol, and then by lead 
citrate. 
Lipid Extraction and Separation At day 14, after exposure to 
60% humidity atmosphere, the cultured epidermis was removed by 
scraping with a spatula and washed once in PBS. The lipids were 
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extracted with chloroform/methanol. Qualitative determination of 
neutral lipids was performed by thin-layer chromatography (TLC) 
as desl=ribed [31]. Lanosterol and ceramides were semi-quantita-
tively detected by bi-dimensional TLC [32J. 
RESULTS 
Architecture of the Epidermis Obtained in Vitro by Grow-
ing Human Keratinocytes in Defined Medium on Inert 
Filters at the Air-Liquid Interface Second-passage normal 
human keratinocytes grown on filters in a chemically defined me-
dium at the air- liquid interface formed a multilayered epithelium 
after 14 d of culture. Stained vertical sections represented in Fig 1 
show that the tissue's architecture was quite similar to that of nor-
mal human epidermis in vivo, on cellulose acetate or polycarbonate 
membranes, differentiating keratinocytes were able to form 20 - 25 
cell layers. The characteristic differentiation pattern of epidermis 
was reproduced: a stratum germinativum, a stratum spinosum, a 
stratum granulosum containing many keratohyalin granules, and an 
anucleated stratum corneum forming more than 10 compact cell 
layers. Three sets of second-passage cultures originating from three 
different human skin samples produced an epidermis having the 
same features covered by a very regular stratum corneum. Mitotic 
cells were observed in the lowest cell layers, providing evidence of 
the active proliferation of the keratinocytes in this culture system. A 
much thicker stratum granulosum was formed when the inoculum 
was 106 cells/cm2 (Fig 1e,D) instead of 5 X 105 cells/cm2 (Fig 
1A,B). The architecture of the cultured epidermis was not improved 
when the keratinocytes were grown on de-epidermized dermis 
(DE-dermis) (Fig 1B,D) instead of inert filters. 
Differentiation Markers Expressed by the Epidermis Grown 
in Defined Conditions Indirect immunofluorescence experi-
ments allowed us to visualize a correct expression of the major 
differentiation markers in suprabasallayers (K1 and K10 keratins, 
involucrin, filaggrin, and epidermal membrane-transglutaminase) 
in epidermis obtained by growing keratinocytes either on the Milli-
pore HA filter or on the DE-dermis substrate (Fig 2). No differences 
could be detected in the number of cell layers, or in the qualitative 
and quantitative expression of differentiation markers, between cul-
tures on inert substrates and those on DE-dermis. 
Figure 3. Immunofluorescence staining of BP antigen in the basal cell layers of 14 d cultures of NHK on either DE-dermis (A) or Millipore HA filter 
substrate (B), as descnbed in Materials al/d Methods. Note the equivalent polarized localization of BP antigen on both substrates. Bar, 20 flm. 
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Figure 4. Electron microscopy of a section of the basal cell layer of NHK 
cultured on a Millipore HA filter, as described in Materials alld Methods . 
Although elements of a basement membrane are detected (arrows) , no intact 
membrane along the filter substrates can be seen. Bar, 1 J1.m . 
The BP antigen expressed by basal cells was polarized as in vivo 
[33] on both types of substrates (Fig 3). 
Coating the Millipore filters with fibronectin, fetal calf serum, or 
collagen gels did not stimulate attachment, growth, or differentia-
tion of the keratinocytes. Use of collagen films (Transwell, Costar) 
as culture substrate did not allow proper growth and differentiation, 
but instead induced cell death. 
Ultrastructure of the Epidermis Grown in Defined Condi-
tions Electron microscopy revealed some elements of a basement 
membrane in cultures on the millipore substrate, but no continuous 
basement membrane could be observed (Fig 4). The ultrastructural 
morphology of the cells resembled the one seen in vivo. In the 
appropriate cell layers, abundant desmosomes (spinous layers), kera-
tohyalin granules (granulous layers), and keratin filaments (corni-
fied layers) were evidenc~d (Figs Sand 6) . Most of the granular-
layer cells contained numerous membrane-coating granules 
(MCG) , but the cells situated just under the first dark cornified cell 
layer contained even more MCG (Figs 6 and 7). The size of the 
MCG was lSD-1BD-nm diameter. 
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Figure 5. Electron microscopy of a section of spinous and granulous layers 
of NHK cultured on a Millipore HA filter, as described in Materials aJt.l 
Methods. Desmosomes (arrows) and keratin bundles (small arrows) are shown. 
Bar, 500 nm. 
Synthesis of Specific Lipids by the Epidermis Grown in D e-
fined Conditions Thin-layer chromatography of chlorofo 
methanol lipid cell extracts revealed that cultures obtained on Milli, 
pore HA filters, as well as on DE-dermis substrate, contained til 
lipids typical of differentiated human epidermis, including choles-
Figure 6. Electron microscopy of a section of upper stratum granulosurD ( " 
NHK cultured on a Millipore HA filter, as described in Materials alld Melh,~­
showing numerous membrane-coating granules (MeG), as well as keram-
hyalin granules. Bar, 200 nm. 
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Flgure 7. Electron microscopy of a section of upper stratum granulosum (of 
NHKcultured on a Millipore HA filter, as described in Materials alld Methods 
showing bi-Iayered lipid structures, possibly extruded from membrane-coat-
ing granules. Bar, 100 nm. 
cerol sulfate. Presence of significant amounts of lanosterol, ceram-
ides, and particularly acylceramides, which are known to be respon-
sible for the water barrier of stratum corneum [26,32,34]' was 
evidenced by bi-dimensional chromatography. 
DISCUSSION 
In this report, we show that second-passage normal human kerati-
nocytes are able to grow on inert filter substrates in chemically 
defined medium MCDB 153, and to differentiate into a stratified 
tennina.lIy differentiated epidermis, when exposed to a 60% humid-
ity armosphere for 14 d. The major protein and lipid differentiation 
markers were expressed and the architecture and ultrastructure of 
the cultured epidermis resembled closely to epidermis in vivo. Par-
ticularly, a dense stratum corneum was formed throughout the cul-
lUre surface. 
The success of our cultures demonstrates that second-passage 
human keratinocytes possess intrinsic capabilities for growth and 
differentiation. It was puzzling to us to find that primary and also 
third-passage keratinocytes were not able to differentiate and form a 
stratum corneum in such stringent conditions. It is probable that the 
composition and supplementation of the defined medium, with 
factOrs other than EGF and insulin, still need to be improved to 
:zIlow the obtaining of a differentiated epidermis, whatever the pas-
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sage of the keratinocytes. At any rate, the most important conclu-
sion of this work is the fact that normal human keratinocytes are 
ab le to form an epithelium of normal architecture and to express 
essential terminal differentiation markers in the absence of any der-
mal or undefined serum component. Not only is this result impor-
tant in that it shows the independence of the epidermal differentia-
tion program from dermal or vascular influences, but also the 
system here described can serve as a starting model for studying the 
effects of pure attachment, growth, and differentiation factors on 
epidermal morphogenesis and homeostasis. For example, it will be 
interesting to study the effects of serial retinoic acid concentrations 
on epidermal terminal differentiation in the defined system, and to 
compare the results with those obtained recently by Asselineau et al 
[35J in their study of epidermal differentiation of keratinocytes 
grown in the presence of delipidized serum on collagen-fibroblast 
lattices. Whatever the conclusions of such a co'mparison, we can 
already state that epidermal differentiation can progress in the total 
absence of retinoic acid, because the MCDB 153 medium used here 
was completely retinoic acid -: free. . . ' . . . 
For in vitro studies concerlUng epidermal differentiation, speCific 
protein and lipid metabolism, an~ skin p~rm~abili~, u~der condi-
tions resembling as much as pOSSlble the m VIVO Situation, the de-
fined medium and inert substrates present obvious advantages such 
as the absence of interference. with known or unknown-serum fac- . 
tors or cellular factors other than those produced by keratinocytes. 
Moreover, the defined conditions should allow us to analyze the 
factors produced by the keratinocytes t~emselves, to test the hy-
pothesis that epidermis functions accordmg to an autocnne mode. 
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